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Designing logical codon reassignment — Expanding
the chemistry in biology+

Anaélle Dumas,] Lukas Lercher,} Christopher D. Spicerf and Benjamin G. Davis*

Over the last decade, the ability to genetically encode unnatural amino acids (UAAs) has evolved rapidly. The
programmed incorporation of UAAs into recombinant proteins relies on the reassignment or suppression of
canonical codons with an amino-acyl tRNA synthetase/tRNA (aaRS/tRNA) pair, selective for the UAA of
choice. In order to achieve selective incorporation, the aaRS should be selective for the designed tRNA
and UAA over the endogenous amino acids and tRNAs. Enhanced selectivity has been achieved by
transferring an aaRS/tRNA pair from another kingdom to the organism of interest, and subsequent aaRS
evolution to acquire enhanced selectivity for the desired UAA. Today, over 150 non-canonical amino
acids have been incorporated using such methods. This enables the introduction of a large variety of
structures into proteins, in organisms ranging from prokaryote, yeast and mammalian cells lines to whole
animals, enabling the study of protein function at a level that could not previously be achieved. While
most research to date has focused on the suppression of ‘'non-sense’ codons, recent developments are
beginning to open up the possibility of quadruplet codon decoding and the more selective reassignment
of sense codons, offering a potentially powerful tool for incorporating multiple amino acids. Here, we
aim to provide a focused review of methods for UAA incorporation with an emphasis in particular on the
different tRNA synthetase/tRNA pairs exploited or developed, focusing upon the different UAA structures
that have been incorporated and the logic behind the design and future creation of such systems. Our
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through molecular ingenuity, both in vitro and in vivo.* Such
UAAs may modulate enzyme activity, offer unique reactive

Introduction

While DNA and RNA make up the essential genetic information
needed to create a living cell," it is the proteins that they code for
that are the ‘workhorses’ of the cell, playing a key role in
virtually every biological process and structure.”> The vast
diversity of proteins is even more striking, given that they are
typically made of just 20 natural amino acid building blocks,
with an even more limited set of chemical functionalities. While
our understanding of cellular biology has undoubtedly
expanded vastly over the past century, more questions that
cannot be answered via the techniques currently available to
researchers emerge with each new discovery. New tools are
required to investigate and manipulate proteins in both an intra
and extra-cellular context.® The ability to incorporate unnatural
amino acids (UAAs) into proteins offers the potential to study,
alter, or even improve upon protein activity and function
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handles for further modification, act as spectral or imaging
probes, or simply offer a novel functional structure or natural
post-translational modification (PTM) or mimic (Fig. 1).
Many techniques have emerged for incorporating UAAs into
proteins in a variety of organisms over the past few decades.®
These include expansion of the genetic code by codon reas-
signment and suppression, of both sense and non-sense
codons’ (see Table 1). Codon reassignment can allow the site-
specific installation of an UAA into a protein of choice. In
general, this technique relies on the exploitation or develop-
ment of a selective amino-acyl tRNA synthetase/tRNA (aaRS/
tRNA) pair, specific for the UAA of choice and the codon to be
reassigned. Greater flexibility comes from an aaRS/tRNA pair
that does not cross-react with the existing host cell’s pool of
synthetases, tRNAs and translational machinery, but that is
recognised by the host ribosome; this mutually compatible (or
‘orthogonal’) pair results in incorporation of the UAA. The most
commonly used systems have relied upon the reassignment of
‘non-sense’ codons, as codons that are not used for amino acids
by the endogenous systems, particularly (but not exclusively)
the amber-stop codon, TAG. This has resulted in the incorpo-
ration of a diverse range of UAAs not only in prokaryote’*® and
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Fig. 1 Schematic representation of the major uses of genetically
encoded UAA side chains, including selectively reactive groups,
spectroscopic probes, natural post-translational modifications or
mimics and photoreactive-groups (photo-crosslinkers and photo-
caged amino acids).

eukaryote”™” cell culture, but more recently in multicellular
organisms and even animals. Other systems based on the
reassignment of the ochre and opal stop codons," in addition
to the use of quadruplet codons have also been reported (see
later section).”> It is now also possible to consider their
combined use for the incorporation of multiple distinct UAAs
into a single protein of choice.™ Of course, competition with the
host cell termination machinery at stop codons offers a signif-
icant drawback to ‘non-sense’ suppression, commonly resulting
in lower yields and truncated protein products. The use of
‘sense’ codon reassignment offers a potential solution to this
problem since it is a system with inherent translational effi-
ciency. While such technical hurdles still exist, the field of UAA
incorporation is still only in its infancy and the potential power
of diverse, near unlimited chemical functionality in biology
offers a truly exciting prospect (see ‘Outlook’ section).

In this review, we will focus on the site-specific incorporation
of unnatural amino acids via codon reassignment. We aim not
to describe the theory and techniques behind this technology,
as this has been excellently reviewed elsewhere. Though a brief
historical perspective will be given, the reader is directed to
reviews by Liu,® Young® and Davis® for a more detailed
description. Rather, we hope to provide an overview of the
structures and functionalities that have been incorporated,
based on the aaRS/tRNA system that has been utilised (and
hence the codons that have been reassigned), to provide a
reference for those who wish to incorporate novel UAAs or use
those that have already been described. We also provide a
comprehensive table of all the UAAs incorporated to date along
with details of their applications to date (see Table 1), as well as
details of the mutations required to generate the requisite aaRS
(see the ESIT). In particular, we wish to highlight the unique
chemistries of the available UAAs, to aid researchers in
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developing novel applications for a field that has the potential
to revolutionize the biological sciences in a way that site-
directed mutagenesis did before it,** perhaps more so.

Applications

The genetic encoding of UAAs via codon reassignment offers the
advantage of site-specificity, to yield homogenously modified
proteins substituted with a wide variety of otherwise hard to
introduce functional groups. Since incorporation uses the host
cell's own translational machinery, the modified proteins offer
the advantage of being applicable to the study of intracellular
biological processes in the very cellular system that produced
them. To date, over 150 different UAAs have been incorporated
into proteins. These have been used as tools for a number of
applications including the study of protein-protein interac-
tions, protein localization, enzymatic activity and cellular sig-
nalling, while also providing handles for protein imaging and
spectroscopy. The applications of genetically-encoded UAAs
have been extensively reviewed elsewhere,'>'* but a summary of
the major uses is briefly given here.

Selectively reactive groups (Fig. 1A)

The introduction of uniquely reactive, non-natural chemical
groups provides a powerful tool for site-selective labelling and
alteration of proteins, through the use of complementarily
selective reactions. To date, a large number of biocompatible
and selective (so-called ‘bioorthogonal’) reactions have been
developed, including Cu(1)-catalyzed or “copper-free” alkyne-
azide triazole-forming reactions, the Staudinger ligation,
inverse-electron-demand Diels-Alder (IEDDA) reactions
between tetrazines and strained alkenes, “photo-click” chem-
istry between tetrazoles and alkenes, or metal-mediated
processes such as olefin metathesis and Suzuki-Miyaura or
Sonogashira cross-couplings (for recent reviews, see ref. 16).
The genetic encoding of most of the corresponding reaction
partners into proteins provides chemical ‘tags’ that may be
addressed selectively for site-specific labelling."” Such reactive
handles are particularly useful tools for the preparation of
protein conjugates with unprecedented control over structure
and homogeneity.

In addition to advantageous applications in the development
of protein therapeutics, site-specific protein labelling has also
played a significant role in investigating a number of biological
pathways (for reviews see ref. 15b, 16a, 16¢ and 18). Such che-
moselective reactions are particularly important in enabling
“tag-and-modify” approaches for the selective conjugation of
proteins with entities that cannot otherwise be directly enco-
ded, such as large posttranslational modifications (or their
mimics), spectroscopic probes or other biomolecular
moieties."”*

Spectroscopic probes (Fig. 1B)

The introduction of spectroscopic probes into proteins can
provide useful information regarding protein structure,
conformation, localization and intermolecular interactions,

Chem. Sci., 2015, 6, 50-69 | 51
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Table 1 Unnatural amino acids that have been genetically encoded in proteins to date. The square's colours represent the organism(s) in which
these UAAs have been encoded, the circle's colours the aaRS/tRNA pair(s) used for incorporation and the triangle's colours the application(s) of
the corresponding UAA in proteins
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allowing the dissection of many complex biological processes.
These spectroscopic probes, inserted directly into the protein
backbone, may act as reporters of change in chemical envi-
ronment occurring at the amino acid residue level. Examples of
such spectroscopically-active amino acid side chains include
fluorophores for fluorescent spectroscopy, spin labels for NMR
and EPR, heavy atoms for X-ray crystallography or amino acids
displaying unique infrared absorption properties (for reviews
see ref. 19). Unfortunately, the genetic encoding of many spec-
troscopic probes is often limited by their complex structure and
large size and it may therefore be preferable to introduce them
via chemo-selective modification at a genetically-encoded
chemical handle (‘tag’) (see previous section).

Post-translational modifications or mimics (Fig. 1C)

During their life-time, most proteins in vivo undergo some form
of chemical or enzymatic modification after translation, such as
phosphorylation, sulfation, nitration, glycosylation, methyla-
tion, acetylation, ubiquitination or lipidation of the amino acid
side chains. Such modifications are important in modulating
protein function, interactions with binding partners, signal
transduction and as a trigger for a number of cellular events.
However, the elucidation of their exact roles and functions
remains challenging, partly due to the difficulty in preparing
homogenously-modified proteins, especially if the modified
amino acid is present in multiple copies in the protein of
interest. The genetic encoding of post-translational modifica-
tions or their structural mimics enables the selective and site-
specific introduction of the modified residue in the protein.
This provides homogenously-modified products that are highly
valuable in elucidating the biological role of the respective
modification. For example, lysine residues are known to
undergo various modifications responsible for the regulation of
a number of biological processes, notably in the context of
histones.”” The development of selective PylRS/tRNA pairs has
readily enabled the genetic encoding of lysine residues bearing
natural modifications (due in part to the substructure resem-
blance of Pyl to Lys), providing valuable tools for the investi-
gation of the ‘histone code’. Other areas such as the study of
protein sulfation and phosphorylation, through the incorpora-
tion of sulfotyrosine** and phosphoserine** respectively, and
oxidative damage® have also been aided by codon
reassignment.

Photoreactive groups (Fig. 1D)

A number of photoreactive amino acids have been encoded in
proteins. These can be broadly classified into two groups:

Photo-crosslinkers

Photo-crosslinkers are able to rapidly form covalent bonds to
organic molecules in their close proximity at the time of irra-
diation. Photo-crosslinking amino acids are therefore powerful
tools for mapping biomolecular interactions in vivo and have
been used extensively to probe protein-protein or nucleic acid-
protein interactions and ligand binding. One major advantage
offered by genetically-encoded photo-crosslinkers is their ability

54 | Chem. Sci., 2015, 6, 50-69
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to provide positional and therefore structural information on
protein complexes in their natural environment. The formation
of a covalent bond between the two interacting partners allows
the study of weak, transient or pH-dependent interactions that
may be lost in non-covalent methods.

Photo-caged amino acids

When site-specifically incorporated into a protein, the protec-
tion of a particular amino acid with a photo-labile protecting
group (photo-cage) can temporarily block a specific protein
function. The interactions of this amino acid with its environ-
ment and therefore protein function can then be restored by
light irradiation. This enables rapid and specific protein acti-
vation inside living cells in order to facilitate the study of the
biological consequences.

Miscellaneous

The incorporation of UAAs can be exploited to generate novel
protein properties. A few examples involve the introduction of
redox-active, metal-chelating or stabilizing/destabilizing cores
based on the introduction of large hydrophobic or aromatic
scaffolds. As a result of such incorporations, stimulation of
potent immune responses has been reported but one can
envisage diverse applications including, e.g., the creation of de
novo metalloenzymes.

Non-sense suppression with
orthogonal aaRS/tRNA pairs for genetic
encoding of unnatural amino acids

Of the 64 naturally-occurring triplet codons, there are 3 which
lack a corresponding tRNA capable of adding an amino acid to a
growing peptide chain.§ These ‘stop’- or ‘non-sense’-codons,
TAG (amber), TAA (ochre) and TGA (opal) instead result in
termination of the translation process via the recruitment of
release factors.>® As such, they are ideal candidates for re-
assignment via the design of a suitable suppressor-tRNA,
particularly the amber codon TAG, the rarest of the 3 codons in
E. coli*® Re-assignment effectively leads to an incorporation
system that is in direct competition with translational termi-
nation by the host machinery. This was first achieved through
the use of a chemically acylated TAG-specific tRNA by Noren
et al. in a cell free system and subsequently in Xenopus oocytes
by Nowak et al.?® Whilst allowing the site-specific incorporation
of a large number of UAAs, the need to microinject the chemi-
cally-acylated tRNA limits the applicability to large cells such as

§ A brief note on nomenclature: Throughout this review, we will often refer to
different amino acyl synthetase-tRNA pairs in shorthand. This will be
comprised of the abbreviated name of the organism from which the pair is
derived (e.g. M. jann), the 3 letter code for the natural amino acid substrate
from which it is derived (e.g. Tyr), which will proceed the synthetase (RS),
followed by the tRNA with its anticodon given in subscript (e.g. CUA). So for
example, the tyrosyl synthetase-tRNA pair for amber suppression from the
archaebacteria Methanococcus jannaschii would become M. jann TyrRS/tRNAcya.
Colloquially, this may also be referred to as Mj-Tyr.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) An UAA is charged onto a tRNA with the required non-sense anticodon by an orthogonal aaRS. This tRNA then recognises its cor-

responding MRNA non-sense codon in the ribosome, leading to incorporation of the UAA into the protein of interest, where it may act as a 'tag’
for further modification, as a spectroscopic probe, or as a PTM mimic. (b) The organism orthogonality of the 4 most commonly used systems for
codon reassignment (M. jann TyrRS/tRNA, M. bar and M. maz PylRS/tRNA and E. coli Tyr/LeuRS/tRNA).

Xenopus oocytes and leads to very small quantities of protein.*”
In order to achieve general applicability in cells, it is necessary
to identify an orthogonal aaRS/tRNA pair that can be uniquely
acylated in the organism of choice by an engineered aaRS.?® Liu
et al. reported the first use of an encoded suppressor-tRNA for
incorporation of a natural glutamine amino acid in vivo.*
However, it was not until the discovery of a yeast aaRS/tRNA pair
from S. cerevisiae that was completely orthogonal to the trans-
lational machinery of E. coli, that the prospect of incorporating
an unnatural amino acid by stop-codon suppression in vivo
became achievable.*

The idea of transferring an aaRS/tRNA pair from another
kingdom into the organism of interest would provide the basis
for many of the subsequent discoveries in the field, since
recognition sequences are often species specific. Indeed, the
first incorporation of a UAA in vivo via codon reassignment was
achieved by Wang et al. in E. coli, with an orthogonal TyrRS/
tRNAcya pair from the archaebacteria Methanococcus janna-
schii.” p-Methoxyphenylalanine (1) was shown to be incorpo-
rated site-specifically into a model protein, with excellent
selectivity and fidelity in response to the amber stop codon. This
‘Mj-Tyr’ aaRS/tRNA pair has since gone on to be widely used for
the incorporation of a wide-range of UAAs, with the

This journal is © The Royal Society of Chemistry 2015

development of efficient +ve/—ve selection protocols allowing
the rapid screening of UAA specificities from large libraries of
mutants (usually 107-10%).3"

The first example of UAA codon reassignment in eukaryotic
cells was demonstrated by Sakamoto et al. utilising an E. coli
TyrRS/B. stearothermophilus tRNAcya pair to incorporate
3-iodotyrosine (4), albeit with low fidelity.** Chin et al. subse-
quently demonstrated the use of an E. coli TyrRS/tRNAcya pair
for efficient-suppression with a number of UAAs in S. cerevisiae.
Again, an efficient selection system allowed selectivity
screening, but efficiency was limited by the slow growth rate of
yeast compared to bacteria.” In this system, the rational design
of eukaryotic promoter sequences was essential for effective
incorporation.

More recently, the pyrrolysine (Pyl) pairs of Methanosarcina
barkeri and Methanosarcina mazei have emerged as leading
candidates in the quest to find a broader aaRS/tRNA pair.*?
Unlike other pairs which have engineered codon-specificities,
pyrrolysine aaRS/tRNAcya pairs occur naturally in some meth-
anogenic archaea as amber-suppressors. These pairs have been
shown to be selective in both prokaryotic and eukaryotic
systems, with both wild-type (wt) and mutant synthetases being
tolerant of a wide range of UAA structures, allowing their use in

Chem. Sci,, 2015, 6, 50-69 | 55
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a diverse range of labelling and functional studies. Indeed,
more recently the group of Chin have demonstrated that an
‘MDb-Pyl’ pair can be used for amber suppression in multicellular
animals in an impressive demonstration of the power of stop-
codon reassignment."’

While suppression of the amber-codon has been most widely
investigated, the development of pairs for the suppression of
both ochre and opal-codons have also been reported. While
more prevalent in the genome, potentially leading to increased
toxicity with suppression, their use may allow the incorporation
of multiple distinct UAAs into the same protein, as achieved by
the groups of Liu and Schultz.**** A further development has
seen the decoding of quadruplet codons and orthogonal ribo-
somes, theoretically offering a large number of new unassigned
codons and the possibility to develop a fully orthogonal genetic
code in the cell (see ‘Quadruplet codon suppression’ section).*?
However, to date this approach is still limited by availability of
mutually orthogonal aaRS/tRNAxnny pairs.

Research in the field of codon reassignment has mostly
focussed on the application of four main aaRS/tRNA pairs, the
TyrRS/tRNA of M. jannaschii (Mj-Tyr), the E. coli TyrRS and
LeuRS/tRNA pairs (Ec-Leu, Ec-Tyr), and the pyrrolysine aaRS/
tRNA pair of methanogenic archaebacteria (Mb- or Mm-Pyl).
While overlap certainly exists, in general each provides
complementary UAA selectivity in different organisms (Fig. 2).
Each will be discussed in turn, with a brief description of their
identification and development as a non-sense-suppressor,
followed by a focus on the varied UAA structures that have been
incorporated.

TyrosylRS

M. jannaschii TyrRS/tRNA pair. The TyrRS/tRNA pair from
the archaebacteria Methanococcus jannaschii was first identified
as a functioning suppressor pair in E. coli by Wang et al.,**
before later being utilized for the first incorporation of a
UAA, p-methoxyphenylalanine (1), by amber-stop codon
suppression.”® The successful application of this pair relies
upon the absence of a major anticodon binding region in the

Fig.3
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aaRs, along with a significantly altered specificity between the
M. jann and E. coli tRNA acceptor loop to generate orthogo-
nality.*® The development of an efficient +ve/—ve selection
technique, based on the suppression of a chloramphenicol and
barnase gene respectively, has allowed the rapid screening and
incorporation of a wide range of functionalized aromatic UAAs,
most of which are functionalised at a y-phenyl ring.*®

Many early examples of incorporated UAAs contained reac-
tive groups for bioconjugation at the para-position of the phenyl
ring for undertaking subsequent chemical protein modifica-
tion. For example, reactive allyl (2),*** propargyl (11)*® and
alkynyl groups (41)* have been incorporated to install unsatu-
rated carbon-carbon bonds into proteins, while aryl halide (44
and 45),* azide (6)," aniline (7),’**** ketone (10),** diketone
(16)** and boronic acid (26)* functionalities have all been used
to provide reactive handles for further modification.*” The
incorporation of the aniline based p-aminophenylalanine (7) is
particularly noteworthy as it has been demonstrated that the
amino acid can be biosynthesised in E. coli by hijacking the
cellular machinery for the synthesis of aromatic amino acids,
effectively generating a bacterium with a 21 amino acid genetic
code.** More recently, reactive handles for undertaking the
inverse-electron demand Diels-Alder (tetrazine, 54),"” ‘photo-
click’ (tetrazole, 55)* and azo coupling (2-naphthol, 134)*
reactions have been incorporated using this pair. Photo-
crosslinking amino acids have also been extensively used to
probe protein—-protein interactions and ligand binding. Benzo-
phenone 5 has been most widely incorporated due to its
chemical stability,*® though arylazide (6)** and diazirine (20)**
UAAs have also been incorporated.

A number of para-substituted-Phe UAAs containing func-
tional probes that do not require further modification for
functionality have also been incorporated. For example, fluo-
rescence quenching nitro (12),** IR-** and FRET-** active cyano
(17), NMR-active trifluoromethane (42)*> and photoisomerizable
azobenzene (14)°° groups have all been incorporated. However,
the use of the M. jann pair has not only been used to incorporate
novel functionalities. The natural post-translationally modified

(a) Representation of the active site of the wt M. jann TyrRS (taken from PDB file 1j1u). Commonly mutated residues are drawn as sticks and

labelled. Direct hydrogen bonding between the Tyrosine phenol and Y32 and D168 are indicated. (b) Active site of the wt M. mazei PyIRS (taken
from 2g7h). Hydrogen bonding between the side chain carbonyl oxygen of pyrrolysine and N346 and between the pyrroline nitrogen and Y384

are indicated.
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AA sulfotyrosine (13) has been installed to study native sulfated
proteins,® while it has been suggested that p-carbox-
ymethylphenylalanine (19) can act as a mimic of the natural
modification phosphotyrosine.*”

While most common, the substrate specificity of the M. jann
pair does not have to be limited to para-substituted phenylala-
nine derivatives. Through suitable mutation of the TyrRS
binding pocket a wider variety of aromatic substituents can be
tolerated. For example, expansion of the pocket allows a
number of meta-substituted tyrosine derivatives to be incorpo-
rated, including 3-aminotyrosine (18),”® used extensively as a
probe of radical propagation;® 3-nitrotyrosine (36),>* a naturally
occurring  marker of photo-damage;  3,4-dihydroxy-
phenylalanine (39),°° a redox-active UAA and 3-iodotyrosine
(4).** Meta-acetyl (51)°> and ortho-nitro (33) substituted phenyl-
alanines have also been incorporated, the latter allowing the
photo-induced cleavage of a protein backbone.®

The binding pocket has also been disrupted to allow the
incorporation of alternative aromatic rings, including hetero-
aromatics. Fluorescent naphthyl (3),%°“** hydroxyl (53)°° and
methyl (52)***-coumarins and hydroxylquinolines (24)*® can all
be used as probes of unfolding and protein structure. Hydroxy-
lquinoline 24 may alternatively act as an efficient chelator of
zinc®" ions,* while copper®* ions have been shown to bind to a
bipyridine based UAA 22.*” The structure of the coumarin UAAs
52 and 53 are particularly intriguing, as unlike almost all other
structures incorporated by the M. jann TyrRS/tRNAcy, pair, the
coumarinyl-UAAs contain an additional methylene group
leading to a 8-, rather than y-linked aromatic. This is a structure
observed in only one other UAA incorporated via such a pair:
phenylselenocysteine (48), although this contains a bulkier
selenium atom at the y-position which may go some way
towards fulfilling the steric bulk required by the aaRS.*®

Phenylselenocysteine is a member of another class of UAAs
that can be incorporated utilising a M. jann pair, those that are
used as a ‘protected’ or ‘latent’ precursor to an amino acid of
interest. Phenylselenocysteine itself can be oxidatively elimi-
nated to give the a,B-unsaturated amino acid dehydroalanine
(Dha, a natural PTM in some peptide natural products, as well
as a reactive handle for further chemical modification).***
‘Protected’ tyrosine residues can also be installed, allowing for
the selective activation of a protein under the requisite depro-
tection conditions. p-Boronophenylalanine (26) can be con-
verted to either tyrosine or phenylalanine by oxidation or
reduction respectively,** and has thus been used as a fluores-
cent peroxynitrite sensor.”” While O-nitrobenzyltyrosine (43) can
also be activated under photo de-caging conditions,” a similar
de-caging was used to generate fluorinated tyrosine analogues
(46 and 47), important isosteric probes of tyrosine pK, and
activity, that cannot be incorporated directly due to their cross-
reactivity with the natural cell machinery.”

Initial efforts to rationally design M. jann TyrRS substrate
specificities were based on the crystal structure of the homol-
ogous, but distinct, TyrRS of Bacillus stearothermophilus.”
Solving the crystal structure of the M. jann TyrRS allowed for an
increased ability to screen for mutant synthetases and amino
acid specificities (Fig. 3a). An observed high degree of structural
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plasticity goes some way to explaining the adaptability of this
system.” This crystal structure has even allowed the design of a
pair for the introduction of an ester bond into protein back-
bones via an a-hydroxy acid 35. This was enabled through
mutation around the amino binding region of the aaRsS,
although significant disruption of the cellular machinery was
required to prevent metabolisation of the substrate.”

E. coli TyrRS/tRNA pair. While the M. jann TyrRS/tRNA pair is
orthogonal in E. coli, this is not the case in higher organisms.
This spurred an interest in the development of novel aaRS/tRNA
pairs for codon reassignment, along with a desire to expand the
diversity of structures that can be incorporated. To this extent,
Edwards and Schimmel first showed that the E. coli TyrRS/tRNA
pair was orthogonal to the host cell machinery of the model
yeast Saccharomyces cerevisiae.”® The incorporation of a number
of tyrosyl-based UAAs with this pair was first demonstrated by
Chin et al. in S. cerevisiae.” However, this was not the first
example of amber-stop codon suppression in eukaryotes,
Sakamoto et al. having previously demonstrated the incorpo-
ration of 3-iodotyrosine (4) into mammalian Chinese hamster
ovary (CHO) cells, albeit with a low fidelity of incorporation.*®
However, since the E. coli tRNA lacks the promoter sequences
required for expression in higher eukaryotes, the tyrosyl-tRNA
of Bacillus stearothermophilus (Bs) was utilised since it already
contains the internal A- and B-box promoters required for effi-
cient mammalian expression. As such, the E. coli TyrRS has
been used in two different suppression systems (E. coli TyrRS/
Bs-tRNA and E. coli TyrRS/tRNA) which will be discussed in this
section in turn.

E. coli TyrRS/Bs-tRNA. The first incorporation of 3-iodotyr-
osine (4) into mammalian cells with an E. coli TyrRS/Bs-tRNA
pair was hindered by competitive tyrosine incorporation.®*
Significant improvements in fidelity have subsequently been
achieved by the addition of a phenylalanine-specific editing
domain to the TyrRS.” The groups of Yokoyama®*’® and
Schultz” have since gone on to incorporate a number of UAAs
(previously incorporated into E. coli using the M. jann TyrRS
pair) into mammalian systems. These include benzophenone
(5),* ketone (10),” iodide (45)”° and azide (6)”° containing
phenylalanine derivatives, as well as O-propargyltyrosine (11).”
Such UAAs have found particular use in the study of G-protein
coupled receptors (GPCRs), amongst the most important sig-
nalling proteins in eukaryotic cells.*

E. coli TyrRS/tRNA. Chin et al.'s report on the use of an E. coli
TyrRS/tRNAcua pair for amber-stop codon suppression in yeast
cells detailed the incorporation of methoxy (1), iodo (45), azido
(6), acetyl (10) and benzoyl (5) phenylalanine residues.” This was
subsequently followed by the incorporation of O-propargyltyr-
osine (11) as a reactive handle for undertaking CuAAC.** Through
modification of the promoter sequences associated with the
tRNA gene it is possible to greatly improve the incorporation
efficiency of these amino acids in yeast,*” while the installation of
a type-3 Pol III promoter has allowed this pair to be transferred
into more challenging mammalian cell lines such as neuronal
stem cells.®”* While primarily used for the incorporation of UAAs
in eukaryotic systems, a niche application in E. coli by Iraha et al.
should also be noted. Replacement of the native E. coli TyrRS/
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tRNA pair with the wild type M. jann TyrRS/tRNA, followed by the
addition of the mutant E. coli TyrRS/tRNAcy, pair, allowed the
incorporation of 3-iodo (4) and 3-azidotyrosine (75) into E. coli
cells in response to the amber-stop codon.**

LeucylRS

E. coli LeuRS. Like the TyrRS/tRNA pair, the E. coli LeuRS/
tRNA pair fulfils many of the requirements for use in higher
organisms. It has been shown to be orthogonal to all yeast aaRS
and tRNAs,* recognition of the tRNA by the LeuRS is not
dependent on the anti-codon loop® and it has a large active site
lined only by amino acid side-chains,®” offering benefits for
engineering specificity. Thus, this pair was adapted by Wu
et al.®® to incorporate o-aminocaprylic acid (61), O-methyl tyro-
sine (1) and O-nitrobenzyl cysteine (15). The structural diversity
between these 3 UAAs amply demonstrates the flexibility of the
E. coli LeuRS/tRNA mutant specificity. O-Nitrobenzyl cysteine
(15) constitutes a photocaged cysteine, which can be released by
irradiation with UV light. This system has been used to regulate
caspase-3 activity, by substituting an active site cysteine with the
photocaged variant. Similarly, photocaged 4,5-dimethoxy-2-
nitrobenzylserine (59) can be incorporated using this pair®* and
has been used to monitor the kinetics of nuclear transport of
Pho4 upon serine de-caging.

Since the initial demonstrations of this pair for UAA incorpo-
ration, a variety of structurally diverse amino acids have been
introduced. The fluorescent amino acid dansylalanine (58) has
been incorporated in S. cerevisiae and also in human neural stem
cells® to act as a moderately effective environmental probe of
unfolding.* An improvement in sensitivity can be achieved uti-
lising the prodan-based UAA Anap 73, incorporated using a LeuRS/
tRNAcua pair mutant generated via a two-step strategy.”® First, a
LeuRS mutant specific for 3-(naphthalen-2-ylamino)-2-amino-
propanoic acid (74), an analogue of Anap lacking the ketone
functionality, was selected for. A second mutant library was then
constructed, yielding an Anap-specific LeuRS. This strategy of
developing selectivity in steps allows gradual evolution to a desired
aaRS$ via structurally similar derivatives, and has been used on a
number of occasions when initial aaRS screening has failed to
generate suitable mutants for an UAA of choice. In a further
demonstration of LeuRS promiscuity, a ferrocene-containing UAA
49 has been incorporated with this pair, the first metallo-amino
acid to be introduced into proteins biosynthetically.™*

Often the structural space that can be incorporated with a
single mutant aaRS is quite limited. The generation of
promiscuous aaRSs, which can accept multiple different
substrates greatly simplifies the introduction of new amino
acids by negating the need for aaRS mutation. The LeuRS
appears to be well suited to such applications given its tolerance
for structural diversity. A promiscuous LeuRS mutant has been
shown to be capable of charging different length methionine,
cysteine and alkyl analogues, allowing the incorporation of a
variety of structures using a single mutant (61-68).°> Similarly,
through mutation of the active and the CP1 editing site of the
aaRS, a number of alkene containing amino acids (60 and 69-
72), of varied length and heteroatom substitution have been
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incorporated.”® Such alkene moieties could perhaps subse-
quently be used as selective ‘tags’ for chemical modification by
olefin metathesis or thiol-ene reactions.

PyrrolysylRS

Methanosarcina barkeri and Methanosarcina mazei RS/
tRNA pair: wild type. The discovery of the ©22"® amino acid’ (the
21 being selenocysteine) in the genetic code was described in
two back-to-back reports in 2002.°* Researchers were set onto its
trail, by the observation that all methylamine methyltransferases
in methanogenic archaea contained an in-frame TAG stop
codon, which appeared to be ‘read-through’. The crystal struc-
ture of the Methanosarcina barkeri monomethylamine methyl-
transferase then allowed the structure of this novel amino acid
to be deduced, revealing a 4-methyl-pyrroline-5-carboxylate,
linked to the lysine N-¢ via an amide bond, adequately chris-
tened pyrrolysine. The amino acid was inserted co-translation-
ally in response to the amber stop codon, an example of natural
suppression. These studies also identified a putative pyrrolysine-
selective tRNAcya and aminoacyl-transferase (PylRS) pair.
Further studies revealed that pyrrolysine is charged to its target
tRNA as an intact amino acid,* in contrast to selenocysteine,
which is synthesised after conjugation of serine to the requisite
tRNA. Importantly, it has been shown that PylRS/tRNAcya pairs
are orthogonal in E. coli, paving the way for the use of this system
for codon reassignment. Indeed, since the aaRS/tRNA pair is
derived from an archaebacteria, it has been found that this pair
is also orthogonal in eukaryotes, allowing the incorporation of
UAAs in yeast and mammalian cell lines, as well as more recently
in whole organisms (see Fig. 2b).*

Early studies of the PylRS/tRNA pair utilized pyrrolysine
mimics to map the biochemical activity of the aaRS, determining
the structural features of the amino acid required for recogni-
tion. Additional motivation was provided not only by the
potential biotechnological applications but by the difficulty in
obtaining the amino acid pyrrolysine (necessary for further
characterization of the PylRS mechanism but requiring a 16-step
synthesis).”” Initial analogue studies showed that the PyIRS/
tRNAcua pair was able to efficiently incorporate a variety of
amide or carbamate substituted lysines, such as 2-amino-6-((R)-
tetrahydrofuran-2-carboxamido)hexanoic acid (2Thf-lys, 84),°° N-
e-p-prolyl-i-lysine (81)* and N-e-cyclopentyloxycarbonyl-L-lysine
(cyc, 82).°° It was also established that pyrrolysine incorporation
was not mediated via a distinct mRNA structure,” again in
contrast to selenocysteine. The availability of the commercial
pyrrolysine analogue cyc (82), enabled the structural character-
ization of a ternary PyIRS-AMP-cyc complex (Fig. 3b).”” With this
structural information in hand, directed evolution and rational
design approaches to engineer PylRS specificity have became
possible (see the following section for details).

The wild type PylRS has proven remarkably flexible in terms
of substrate recognition, allowing the introduction of many
useful functional groups, without the need for the generation of
mut